Co-phase traction power supply system provides continuous power to traction loads without neutral sections. In order to reduce system unbalance, compensate reactive power and harmonics, a railway power conditioner (RPC) operates together with traction transformer in each substation. In the past study, the RPC is designed to achieve three-phase balance and unity power factor (PF) at the grid side. As a result, its rating is high. According to the power quality tariff plan in China, the penalty for reactive power can be avoided if the PF is higher than 0.9. In this study, a grid-side PF of 0.9 is achieved via different control approaches after analysis. Among these approaches, the rating of the RPC in the worst case is more than twice that in the best case. Hence, selection of a suitable control parameter is necessary. The minimum rating of the RPC is achieved by setting the power angle of phases A and B lagging and the power angle of phase C leading under partial compensation. The rating of the RPC is reduced to 70% by setting PF to 0.95 instead of 1. Simulation and experimental results are provided to show the validity of the modelling, design and control method.
Introduction
The 25 kV AC system has been adopted in the long-distance electrified railway in many countries. The single-phase traction transformer is widely used in traction substations because of its low cost and simple connection [1, 2] . In order to reduce the imbalance caused by the single-phase traction loads, balance feeding transformers were proposed to replace the single-phase transformer, including Scott transformer, V/V transformer, Y d11 transformer etc. [3, 4] . These transformers have different wiring configurations, but basically they are connected to the three-phase power grid at the primary side and provide two single-phase outputs at the secondary side. Grid-side currents are balanced when the two neighbouring sections supplied by one transformer have the same loading. Practically, system unbalance still exists because of the uneven load distribution. In addition, reactive power and harmonics from the traction loads make the traction transformer work in the derated mode and increase the system losses [5] [6] [7] .
Co-phase traction power supply was proposed [8] [9] [10] , which provides continuous power to the locomotives, as illustrated in Fig. 1 . By using the railway power conditioner (RPC) to operate together with the balance feeding transformer in the co-phase traction power supply, three-phase balance and unity power factor (PF) are achieved at the primary side [8] [9] [10] [11] [12] . The secondary side of the traction transformer, which directly supplies the traction loads, is denoted as loading phase. As a power conditioner, the RPC also changes the active power and reactive power consumption of the loading phase. As a result, the variation of the supply voltage at the loading phase is reduced by the RPC. In addition, harmonics are suppressed by the RPC at the secondary side of the traction transformer.
One of the main obstacles for promoting the co-phase traction power system is the high initial cost of the RPC because of the large-capacity power converters. According to the field recorded data [7] , the traction loads vary from 0 to around 40 MW. Previous work indicates that the RPC needs to transfer half of the load active power and provide all the reactive power. In those works, the RPC's rating is calculated in terms of following assumptions [8] [9] [10] [11] [12] . † Three-phase currents are balanced at the grid side; † PF at grid side is unity; † All the harmonics are compensated.
The above three items are denoted as full compensation in this paper. Based on this setting, the RPC's rating is high. Compensation factors were introduced to let the RPC only provide part of the compensating currents, so that its rating is reduced [13] [14] [15] . However, the compensation factors do not directly relate to the system performance, for example, PFs. How to select a proper compensation factor needs further study. In addition, no simple reference current calculation method is proposed when the compensation target varies.
In this paper, a method to design the rating of the RPC under partial compensation is studied and the corresponding revised control block is proposed. In Section 2, the mathematical model of the co-phase railway power supply is analysed and the formulas for calculating compensation currents of the RPC in terms of performance index are deduced. Different control approaches of the RPC to achieve the same PF are studied and compared in Section 3. A method to design the RPC with minimum rating and the corresponding control block is proposed in this section. Simulation verifications and experimental results are provided in Sections 4 and 5, respectively. The conclusions are provided in Section 6.
Modelling of the co-phase railway power supply
The power quality of the railway power supply system is typically evaluated at the primary side of the traction transformer, that is, the high-voltage grid [5, 16, 17] . The harmonic currents at the secondary side are not able to pass through the traction transformer linearly as the fundamental frequency current does. Harmonics are also better to be compensated at the secondary side to avoid transformer saturation and overheating [18] . Hence, it is assumed the harmonics are compensated by RPC at the secondary side of the traction transformer and are not considered when the performance index is evaluated at the grid side. The fundamental frequency model of the co-phase traction power supply system is discussed hereinafter.
Model without the RPC
The system configuration of one substation of the co-phase railway power supply is shown in Fig. 1 . V/V traction transformer is used in Fig. 1 , but other balance feeding transformers are also applicable. The ratio of turns of the traction transformer is N 1 . The phasor diagram is shown in Fig. 2a , when RPC is not installed. The primary side voltages are denoted as V A , V B and V C ; whereas the secondary side voltage is expressed as V ac and V bc . The load current is I L and load PF is cos(j L ). The currents at grid side are given in (1) , where ψ a = π/6 = 30°.
The zero, positive and negative sequence components may be determined by using the method of symmetrical components.
where a = e +j120 o . The unbalance factor of the currents in (1) is equal to 100% in terms of the definition in (3).
Current unbalance factor
According to the power quality standard [17] , the voltage unbalance is estimated by (4) , in which U L is the line-to-line voltage and S k is the short-circuit capacity. In case the value of ɛ U does not exceed 2%, the power quality standard is satisfied.
Model with the RPC
A RPC is installed in the co-phase railway power supply, as shown in Fig. 1 , which uses a back-to-back converter and injects currents to V ac phase and V bc phase, respectively. The corresponding phasor diagram is shown in Fig. 2b . After the single-phase RPC is installed, the currents at the secondary side of the traction transformer are expressed by (5) , in which I cα is the current injecting to the V ac phase and I cβ is the current injecting to the V bc phase.
Each current is decomposed to the component in phase with its supply voltage and the component perpendicular to its supply voltage, which are denoted as p-axis component and q-axis component, respectively. As a result, (5) is revised as (6) .
where
The RPC absorbs active power from the V bc phase and injects them to the V ac phase. If the dc link voltage is kept as a constant value and the system losses are ignored, active power balance exists in the back-to-back converter as expressed by (8) .
The grid-side currents satisfy (10), since it is a three-phase three-wire system. As a result, the currents at the primary side of the traction transformer are given in (11) after the RPC is installed.
Calculate compensating currents of the RPC
In previous studies, the references for controlling the output currents of the RPC are solved from a group of equations case by case in terms of compensation factors. However, the relationship between the compensation factors and the achieved PF after compensation is not deduced [13] [14] [15] . In this part, the current references are deduced by using the geometrical characteristics in the phasor diagrams. According to (7) and (9), there are three unknown parameters, I cαp , I cαq and I cβq, for deducing the compensating currents. Both PF and negative sequence current at the grid side can be used as the condition for deducing them. Considering some utilities provide tariff plan varying with the PF, the PF at the high-voltage grid is selected and expressed in (12) . It is defined that the phase angle in (12) is positive for inductive loads and is negative for capacitive loads. According to the geometrical characteristics in the phasor diagram in Fig. 2b and (9), (7) is revised as (13) .
In (13), j a and j b are the power angle of phases A and B, as given in (12) . ψ a equals π/6 and it is the phase angle between the voltages V ac and the grid-side voltage V A . ψ b is the angle between V bc and V A and ψ b = π/2. In order to solve the unknown parameter I cαp, the PF at phase C is used. According to (11) , the current at phase C is determined by the currents of phases A and B. The PF at phase C is given in (14) . By substituting (13) to (14) , I cap is deduced in (15) .
(see (15)) With I cαp , the compensating currents of the RPC are
calculated by (16) .
where (see (17)) Equations (16) and (17) indicate that the compensating current of RPC can be calculated in terms of the set PF at the grid. According to (17) , the value of k is determined by the phase angles related to the traction transformer and the PF setting at the grid. However, for different types of the traction motor, the reactive power to be compensated varies. The load PF plays an important role in calculating the compensating currents in (16) . The rating of the power converters in the RPC is defined by (18) .
Substitute (16) to (18), the normalised rating of the RPC is given in (19) . The denominator is the active power of the traction load. Fig. 3 Comparisons of RPC rating for the four cases
The above analyses calculate the compensating currents in terms of the achieved PF at the grid side. After the compensating currents are determined, the negative sequence currents at the grid side still need to be evaluated by the unbalance standard. According to (4), if the negative sequence current is smaller than the threshold value in (20) , the system unbalance satisfies the standard. The negative sequence currents after compensation can be calculated by substituting (11) into (21) .
3 Design and implementation of a reduced rating RPC
Design of the RPC
Analyses in the previous section provide a method to calculate the required compensating currents in terms of the PF after compensation. How to set the PF to achieve the minimum power rating of the RPC is first studied. It is preferred to set same PF for the phases A, B and C, so that the PF of the three-phase grid is the same as the PF of each phase, as illustrated in (22) .
The reactive power can be either inductive or capacitive and the PF in (22) is not affected. Since the traction loads are inductive, it is clear from Fig. 2b that the PF after compensation should be inductive at phase A in order to reduce the compensating currents at the V ac phase. However, the PF at phases B and C can be set inductive or capacitive. It is difficult to straightforwardly determine a setting combination which would result in lower compensating current. Hence, four groups of the PF settings in Table 1 are compared. It is assumed the penalty for the reactive power is applied when the PF is < 0.9 [19] [20] [21] . The PF is set to vary from 0.9 to 1. The load PF is assumed to be 0.85. The variations of the following three parameters in terms of setting in Table 1 are shown in Fig. 3 . † The parameter k calculated by (17) , which is used to calculate the compensating currents of the RPC; † The required rating of the RPC is calculated by (19) ; † The amplitude of the negative sequence current at the grid side is calculated by (21) . Table 1 achieve the lowest RPC rating when the grid PF reaches the set value. In case 3, the required rating is even higher than that of the full compensation, which is the worst case. Fig. 3 pointed out the important characteristic that the compensator ratings can vary in a large range by setting different k values and leading or lagging phase angles in different phases. Case 1 balances the currents at the grid even the PF is not unity. When the traction substation is designed, the short-circuit capacity is selected to allow certain unbalance currents flow inside the system. As a result, cases 2 and 4 are considered for designing a reduced rating RPC. As shown in Fig. 3 , the k value of case 2 is smaller than that of case 4. This parameter corresponds to the active component of the compensating current at the V ac phase. Smaller k means less active power is transferred via the back-to-back converter of the RPC. Hence the case 2 is selected for setting the PF. When the RPC is designed, the PF is set according to the utility tariff plan for the reactive power. For example, PF is at least 0.9 in order to avoid penalty. For different types of the traction motor, the corresponding PF is substituted to (19) to design the RPC's rating. More reactive power needs to be compensated during the motor starting. To cope with this particular case, it is better to overdesign the reactive power compensation capability. A safety margin is required considering possible over-loading, 0.95 is used as the PF to design the RPC in this paper. The rating of the RPC is reduced to 70% of the value when the RPC is designed to achieve unity PF according to Fig. 3 . By applying the new design method, not only the rating of the power converters, but also the rating of the coupling transformer and other passive components are reduced. This greatly reduces the initial cost of the RPC. At the same time, the operational loss of the RPC is reduced since it is proportional to the compensating currents, which include the switching losses, copper losses etc.
Fig. 3 indicates that cases 2 and 4 in

Implement control system of the RPC
The topology of a co-phase power supply system with a RPC is shown in Fig. 4 . The α-phase converter is connected in parallel to the traction loads and the β-phase converter is connected to the other output of the V/V transformer via a single-phase isolation transformer. A single-phase full-bridge back-to-back converter is adopted for illustrating the operational principle of the proposed system. For the isolation purpose, only one isolation transformer is required at the two terminals of the RPC. Practically, a multi-level converter is a better alternative when the α-phase converter of the RPC is connected to the supply without coupling transformer [22, 23] .
The control system block diagram is given in Fig. 5 . The RPC transfers active power from β-phase to α-phase. The α-phase converter also works for reactive power compensation and harmonic suppression. The β-phase converter works for dc-bus voltage control. In order to calculate the reference currents in (16) , the instantaneous power method is used. The instantaneous active and reactive power is calculated by (23) , in which v αd and i αd are 90°delay of the system voltage and load current, respectively. The injecting power from the RPC is calculated as given in (24) in terms of the compensating current in (16) . Fig. 7 Grid-side currents with RPC under partial compensation (four cases in Table 1 ) and full compensation Table 1 and full compensation where k α = − tan(ψ a − φ a )(1 − k) and k β = tan(ψ b − (2/3)π − φ b ). The coefficients k, k α and k β are got from a coefficient table in terms of the PF target at the grid.
Simulation verification
Simulations are done by using PSCAD/EMTDC. The system configuration is shown in Fig. 4 and parameters are given in Table 2 . The short-circuit capacity of the 110 kV supply is 750 MVA. One 20 MVA 110 kV/27.5 kV V/V transformer is used to supply the traction load. The LCL filter is designed according to the method employed in [24, 25] . The traction loads are modelled by a single-phase rectifier with inductive loads. Without the RPC, the voltage and current at the primary side of the traction transformer are shown in Fig. 6 . The phase angles according to four cases in Table 1 are substituted to (24) to calculate the reference currents when the PF is set to 0.95. The grid-side currents are shown in Fig. 7 after the RPC injecting currents to the system. It could be observed that the RPC compensates the harmonics simultaneously when it balance the grid-side currents and compensate reactive power. The result of full compensation is also included in Fig. 7 and Table 3 . In the worst case 3, the required rating under partial compensation is even higher than that under full compensation. The case 2 achieves the minimum RPC rating by setting the power angle of phases A and B lagging and the power angle of phase C leading. This conclusion can also be deduced from Fig. 8 when dynamic loads are tested. Traction load current and compensating current from RPC are shown in Fig. 8 .
Since case 2 achieves the minimum RPC rating, its setting is selected. Five different pre-set PF at the grid side in case 2 are tested and the results are summarised in Table 4 . According to the power quality standards [17, 26] , the voltage unbalance should be < 2%. The voltage unbalance is < 2% in Table 4 after the RPC operates. For a higher pre-set PF, the voltage unbalance after compensation is lower. The rating of the RPC is reduced to < 70% when PF is set to 0.95 instead of 1. As a result, the full compensation with high initial cost is not necessary.
Experimental verification
A small capacity co-phase railway power supply with the RPC was built for verification. The system configuration is the same as Fig. 4 . The V/V traction transformer is composed of 1:1 isolation transformers, with capacity of 5 kVA individually. The peak value of the single-phase supply voltage at the secondary side of the transformer is around 70 V and the dc link voltage of the RPC is 80 V. The total capacity of the experimental prototype is greatly reduced compared with the simulation models. The LCL filter in Fig. 4 is replaced by an inductor since the filtering requirement of small capacity system is lower. The circuit parameters in experiment are listed in Table 5 . The traction loads are modelled by a single-phase rectifier with inductive loads.
The experimental results are shown in Fig. 9. Fig. 9a shows the voltages and currents waveforms at the three-phase grid sides without the RPC operating. The corresponding PF and current RMS values are listed in Table 6 . The control system is set to achieve the grid-side PF of 1, 0.95 and 0.92, respectively. The experimental results for each case are recorded. After the RPC operates, the voltages and currents at the grid are shown in Figs. 9b-d and the performance indexes are listed in Table 6 . The grid-side PF is improved to approach the PF setting. With a lower PF target, the required compensating currents from the RPC are also lower. Since the dc voltage of the three cases is the same, the compensating currents directly determine the required capacity of the power converters in the RPC. The experimental results also validate the proposed design and control method.
Conclusions
In this paper, the mathematical model of the co-phase traction power system with the RPC is studied. By using the geometrical properties, the relationship between the compensating currents and the achieved grid-side PF is deduced. The RPC can adopt different control approaches to reach the same PF based on the mathematical model. On taking the PF setting to 0.9 as an example, the rating of the RPC in the worst case is more than twice that in the best case. Selection of a suitable control parameter to reduce the RPC rating is studied. The minimum rating of the RPC is achieved by setting the power angle of phases A and B lagging and the power angle of phase C leading under partial compensation. The control block of the reduced rating RPC is implemented. The rating of the RPC is reduced by 30%, in case the PF after compensation is set to 0.95 instead of 1. As a result, the initial cost and operational losses of the RPC is reduced. Simulation and experimental results indicate that the RPC can compensate the reactive current, harmonics and current unbalance simultaneously. It is also validated that the PF can be improved to the set target and the rating of the RPC is reduced accordingly. 
